Abstract We have developed a computerized system for measuring field electron emission (FE) and field ionization (FI), which has a three-electrode configuration with emitters biased up to 25 kV, and is programmed by the Labview software. The current-voltage curves of nano-tip tungsten and carbon nanotube (CNT) arrays were measured. The electron emission of CNTs proceeded with a turn-on field of 1.24 V/µm and a threshold field of 1.85 V/µm. Compared to the field emission, field ionization turned on at 3.5 V/µm. Raman spectroscopy and scanning electron microscopy (SEM) measurements showed degradation of the CNTs after FE/FI testing. The measurement of a W-tip revealed strong electron emission and instability behavior at a field strength higher than 7.0 V/µm.
Introduction
Field electron emission (FE) is the process of free electrons in a solid escaping from its surface under an externally applied strong electric field. Under the applied field, the potential barrier of the solid surface bends, resulting in a reduced superficial barrier height and a compressed barrier width. When the applied field is strong enough and the width of the barrier is comparable with the wavelength of electrons, electronic tunneling takes place. That is to say, electrons inside the solid mass can penetrate the superficial barrier into the vacuum level and do not need to be supplied with extra energy. Field ionization (FI) occurs when a valance electron of a gas atom or a molecule (hereafter referred to as a gas particle) with an ionization potential, tunnels through a potential barrier into a vacant energy state of the conduction band of the emitter with a work function of ϕ [1∼6] . As is specific to any gas particle, the resultant tunneling current can be used to fingerprint the unknown gas type. FI action requires very high threshold fields of the order of E ≈ 2 ∼ 5 × 10 8 V/cm, achievable only at the vicinity of very sharp tips [1, 2] . The FI current is about 10% of the field emission current of electrons in theory. So, if we try to improve the FE properties, the FI current can increase under the same condition. Since FI is 10% lower than FE, it is necessary to develop an FI measurement system with good precision. It is also necessary to make it possible to conveniently measure FE and FI in a chamber in both the diode and three-electrode configurations.
Carbon nanotubes (CNTs) have attracted extensive attention since they are a good candidate for field emission applications [7, 8] . As a result of significant improvements in recent processing techniques, CNTs demonstrate better qualities as a promising cold cathode material in field emission devices. Their remarkable field emission properties are attributed to their high chemical stability, high mechanical strength, high aspect ratio and high current carrying capacity. FE is promising in applications in flat-panel displays, electron microscopy and vacuum microelectronic devices [9, 10] . A critical technology in the FE device is the fabrication of cold cathode materials, which should have a low work function and large field enhancement factor (β).
Field emission from atomically sharp tips has high brightness and spatial coherency. These properties make them of interest for use as point FE guns in lensless applications, such as scanning Auger electron microscopy, projection microscopy, near-field emission scanning electron microscopy and low-energy electron diffraction on the sub-micron scale [11] . For these highresolution electron-beam instruments, the apex structures of the tips are crucial. Moreover, atomically welldefined sharp tips are indispensable for spectroscopy and the measurement of conductivity in the field of scanning probe microscopy. Quasi one-dimension nanomaterials, such as nanowires, nanotips, nanocones and nanotubes, have a large β value due to their natural structure with a high aspect ratio, which makes them promising cold cathode materials [12] . The tungsten cone with a high melting point and high aspect ratio has been considered to be an excellent field emitter.
In this study we have developed an FE/FI measuring system, whose current-voltage measurement is computerized through a Labview program and applicable to diode and triode configurations. FE and FI are measured on CNT arrays and W-tips using this equipment. Fig. 1 shows the FE/FI measuring system. The core part of the system is a three-electrode configuration consisting of the emitter, grid and collector. This set is vertically mounted in a high-vacuum chamber, which is evacuated by a turbo-molecular pump, and consists of two high-voltage (HV) ports and one low-voltage (LV) port, as shown in Fig. 2 . The HV ports are connected to a 25 kV power supply, and the LV port has four electrodes, two of which are connected to a 4 kV LV power supply and the other two are options for extended usage. Along the z -axis the chamber is further extendable, for example, to a column for time-of-flight mass spectroscopy.
System description

Fig.1 Block diagram of the FE/FI measurement system
Electron emission measurement is conducted by applying a negative voltage to the emitter, relative to the grid powered by the LV power supply, which is driven by 0∼10 V signals generated from a PC through an RS232 card and converted by a D/A converter. The emitted electron current is measured by a digital ampere-meter and recorded by the PC through the RS232 card. The computerization of the FE/FI measurement process is realized by Labview programming. Fig. 3 shows this Labview programmed measuring process applied on a tungsten tip. The preset parameters are the scan range of voltage, the advance step of voltage, the limit current and the dwell time, and the monitored parameters are the applied voltage and the emission current. To give a clear view of the process, current-voltage curves in both real scale and natural logarithmic current values are displaced on the Labview interface. To prevent short circuiting that may result from high-current avalanche breakdown during the measurement, a limit current is preset, e.g. at 200 µA. When the emission current reaches the limit value, the operation automatically stops. Then the limit current can be reset and the measurement can restart whenever necessary. For the FI measurement of the same sample, a voltage scan is made with the polarities of the power supply being reversed by simply using a double-pole doublethrow switch. The extraction of the electrons or ions is measured at the collector, which is above the grid (Fig. 1) and biased by the HV power supply, whose polarities are reversible depending on the polarity of the particle charge following a process similar to the FE/FI measurement described above. All the components of the system are grounded, except the LV and HV power supplies, which are floated for convenience of voltage polarity reversion, minimization of noise interference with the electronics and for precise measurement of the charged-particle current.
The resolution of the measurement is controlled by the preset voltage step and dwell time. The latter is limited by the ampere-meter and can be set from 0.7 s to a few seconds. In physics, FE/FI processes are highly dependent on the geometrical parameters of the threeelectrode configuration. The spacing between the grid (molybdenum mesh) and the emitter is variable, between 0.5 mm and 2.0 mm, and the spacing between the grid and the collector is 1.0∼3.0 mm.
FE/FI measurement of nanoarrays
The CNT field emission cathodes were prepared using the coating method. CNT powder was painted on a Si substrate, which has dimensions of 2×2 cm. First, the field emission current was measured using a configuration where the emitter and collector were separated by a tetrafluoroethylene cover sheet with a thickness of 2 mm and an opening of 1.0 cm 2 , to allow transportation of the emitted electrons. The entire assembly was placed in a chamber with a background pressure of 10 −5 Pa. A bias voltage was applied between the emitter and the collector, and the emission current values were recorded using an IC module connected to the computer. For each measurement the applied voltage increased from zero to a certain value, and then decreased from that value to zero. By setting the parameters in the Labview program, the scan range of voltage, advance step of voltage, limit current and dwell time can be finely controlled. Fig. 4 shows the I-V curves and the corresponding Fowler-Nordheim (FN) plot of the CNT field emitter. The turn-on field, defined as the electric field strength (E ) required for extracting a current density (J ) of 1 µA/cm 2 , is evaluated to be 1.24 V/µm. The threshold field, defined as the magnitude E of at which J approaches 1 mA/cm 2 , is 1.85 V/µm. From the F-N plots, a linear relation between ln(I /V 2 ) and 1/V is observed, indicating that the FE is intrinsically driven by the electric field. The F-N plot is fitted by the FN equation, expressed as J = A(βE) 2 /ϕ · exp(−Bϕ 3/2 βE), where A and B are constants, E is the applied electric field, and β and ϕ correspond to the field enhancement factor and work function, respectively. Assuming that ϕ = 5.0 eV for the CNT arrays, the field enhancement factor β is estimated to be 4.3 × 10 3 . As the field emission measurement was further performed from high-to-low voltage, or the measurement was repeated for a second time, there was no degradation of current or change in the turn-on field. Fig. 5 shows the field emission properties of a tungsten tip, which was prepared by etching a tungsten wire. The tip was mounted on the sample stage, with the gap between the pinpoint and the emitter being 1.0 mm. The emission current of a single tungsten tip measured with the present system was up to 90 µA. At high voltages, large fluctuations were observed, which is attributed to point-to-plane discharging. Fig.4 The relationship between the field emission current and the applied voltage on CNT arrays. The inset shows the corresponding F-N plots In order to combine the FE and FI measurement, a three-electrode configuration was designed as follows. For the combined FE/FI measuring system, a grid (molybdenum mesh) was mounted between the emitter and the collector, with a polytetrafluoroethylene sheet used as an insulating interlayer. In the present case, the spacing between the grid and the emitter, and the spacing between the grid and collector, are both 1 mm. The field emission properties of the CNTs were measured by applying a negative voltage to the emitter relative to the grid powered by the LV power supply.
We also measured the FI properties of the same CNT sample by feeding Ar into the chamber until the pressure reached 1.6 × 10 −3 Pa, with the emitter and the collector connected to a 25 kV HV power supply. The ion currents are a few tens of µA, but are much smaller than the emitted electron current, as shown in Fig. 6 . The turn-on voltage for FI is 3.5 kV, higher than the value for FE. The emission current was reduced and became unstable after cycles of FE/FI testing. To study the structural change in the CNTs arrays after the FE/FI test cycles, we measured their surface morphology and Raman scattering. Fig. 7 shows the Raman spectra of the CNT field emitters before and after the FE/FI tests. The measurement shows two characteristic peaks at 1350 cm −1 and 1580 cm −1 , which are identified as D and G peaks, respectively. The G peak arises from the zone-center E 2g mode of the crystalline graphite, and the D peak is activated due to defects and disorders of carbonaceous materials [13, 14] . The ratio of the intensities of the two peaks, I D to I G , is a signature of the disorder and defects of the sample. For example, a small I D /I G means a good graphite structure and a high degree of graphitization. The I D /I G ratios before and after FE/FI testing are evaluated to be 0.70 and 0.79, respectively. This implies that the amount of defects in the CNT field emitter has increased after the field emission and ionization cycles. The increase in defects may be caused by the exothermically dissociate ion of oxygen on CNTs, which degrades the surface morphologies of CNTs [15] . The oxygen molecules may come from the residual gases in the vacuum chamber.
In comparison with the localized electrons in the σ bonds of CNTs, the delocalized electrons in the π orbital of the sp2 bond have a higher mobility and are easier to emit from the CNTs [16] . Therefore, more sp2 bonding, i.e. a lower I D /I G ratio, means better FE properties. This agrees well with the FE/FI measurements. Fig. 8 shows SEM images of the CNT array before and after the FE/FI test. The CNTs in the printed cathode layer are randomly distributed in a matrix material, which explains why their emission currents are low in comparison with the highly ordered arrays of vertically aligned CNTs. The CNT arrays appear to be more disordered and random after the FE/FI test, which is consistent with the Raman scattering result and explains the degradation of the emission current after cycles of emission and ionization. 
Conclusions
We developed a system enabling the measurement of FE and FI in the same chamber. The equipment is of a three-electrode configuration, which makes it possible to measure electrons or ions extracted from the grid electrode on a collector biased by a high voltage. The measurements are computerized using Labview programming. In the field emission measurement of CNT arrays, a turn-on field of 1.24 V/µm and a threshold field of 1.85 V/µm were observed. The field emission properties of a W-tip were also obtained by the above procedure. In the combined FE/FI measurement, both field emission and field ionization were observed on the CNT arrays. After many cycles of FE/FI testing, the CNT sample was damaged by the strong field and the FE/FI properties began fluctuating. The above results show that the FE/FI system is applicable to the measurement of nano-array nano-tip materials.
